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ABSTRACT
The quantum nature of light imposes a limit to the detection of all properties of a laser beam. We show how we
can reduce this limit for a measurement of the position of a light beam on a quadrant detector, simultaneously
in two transverse directions. This quantum laser pointer can measure the beam direction with greater precision
than a usual laser. We achieve this by combining three beams, one intense coherent and two vacuum squeezed
beams, with minimum losses into one spatially multimode beam optimized for this application.
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1. INTRODUCTION
Measuring the direction of a laser beam with a quadrant photo diode is one of the most direct techniques in
optics and it has many applications including the detection of the orientation of a mirror to the measurement of
gradients of the refractive index. This can be used for the microscopy of phase objects or the enhancement of
surface force microscopes. The measurement of the beam position on a detector can be carried out with great
sensitivity and reaches the fundamental limit given by the shot or quantum noise of the light. Our aim is to
improve the sensitivity beyond this quantum limit.
We require a special laser beam which no longer has the TEM00 symmetry of a Gaussian beam but rather
has several spatial modes, either 1 or 2 dimensional, with quantum correlations between the modes. In such a
beam the spatial modes are correlated and the quantum noise in the photo currents from the segments of the
detector can be cancelled. Such a beam can be synthesized from squeezed vacuum and coherent beams with the
appropriate anti-symmetric phase. The challenge is to superimpose these beams with minimum losses. This is
achieved by the use of specially shaped quadrant waveplates and an impedance matched resonant cavity. This
experiment is only one of several applications of the quantum effects that can be generated by mixing two squeezed
beams on a beamsplitter. Other examples we have demonstrate are the generation of polarisation squeezed light
and of EPR entangled beams which can be used for optical quantum teleportation. These possibilities of using
two squeezed beams are summarized.
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Figure 1. Detection of different properties of a laser beam: (a) Intensity with a single detector, (b) Calibrated intensity
noise V 1(Ω) with balanced detectors, (c) One quadrature of the beam using a balanced homodyne detector, (d) Position of
the beam using a split detector (e) Polarisation of the beam using a polarizing beam splitter and two detectors
2. THE QUANTUM NOISE LIMIT FOR LASER BEAMS
In most quantum optics experiments the assumption of a single spatial mode is made, most commonly a TEM00
mode. The consequence is that the quantum statistics is defined for the entire mode. In particular there is no
correlation between the fluctuations in different spatial parts of the beam. The quantum fluctuations for the
entire mode describe the quantum noise limit (QNL), and the detection of a fraction  of the beam intensity,
using an aperture, is fully equivalent to splitting of a fraction  across the entire beam using a beamsplitter.
If the beam is squeezed, with intensity fluctuations at the detection frequency Ω below QNL and a normalized
noise variance V 1beam(Ω) < 1, after the aperture we will measure a variance V 1det(Ω) which is closer to unity
and given by1
V 1det(Ω) = 1− (V 1int(Ω)− 1) (1)
For a single mode beam this result is independent of the shape or location of the aperture, as long as the fraction
 of the total intensity is transmitted.
Like for the intensity, modulations of all other properties of a bright laser beam can only be detected above
a certain quantum noise limit. For the intensity this is clearly the consequence of the detection of the photon
flux from of a coherent state by a single detector, Fig.1a., or for a self calibrated detection, by a pair of detectors
with a 50%/50% beamsplitter, Fig.1b. However, the same applies to the detection of the phase of the laser beam
using a homodyne detector, Fig.1c, or any other form of interferometer, to the position of the laser beam by
means of a split detector, Fig.1d, or to the polarisation of the laser beam by means of a polarizing beamsplitter,
and for some polarizations a waveplate, and two detectors, Fig.1e. In all these cases the detection process leads
to photocurrents which contain current fluctuations due to the quantum noise of the laser beam and a QNL can
be established which defines the limit in sensitivity for detecting the properties of light with a perfect laser beam,
or coherent state. For all these cases special, nonclassical light beams can be prepared such that the fluctua-
tions associated with the selected property, intensity, phase, polarisation of position, are reduced below the QNL.
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Figure 2. Measurement of laser beam position. The beam is incident on a quadrant detector and a simple combination
of the two photocurrents results in signals IX and IY . An example for IX is plotted and the standard deviation σI defines
the quantum noise limit dQNL
3. PROPERTIES AND USE OF MULTIPLE SPATIAL MODES
For the measurement of the position of the beam we use a split detector, for which the difference between the
photocurrents delivered by these areas is proportional to the displacement of the beam relative to the detector.
As we want to measure the two coordinates of the beam’s center, we will use a four quadrant detector, as shown
on Fig.3. The two currents
Ix = (Ia + Ib)− (Ic + Id), Iy = (Ia + Ic)− (Ib + Id) (2)
are proportional, respectively, to the horizontal and vertical position of the laser beam, in the limit of small
displacements. This kind of arrangement is used, for instance, in an atomic force microscope or for any other
measurement of the displacement due to effects that change the propagation of the beam.
Instead of the average position of the beam, which is difficult to measure due to low frequency vibrations and
air index fluctuations and incomplete subtraction of laser intensity noise, we consider and measure oscillations
of the beam position with an ultra small amplitude dmod at high temporal frequencies Ω (Ω > 1Mhz). To what
precision can such a measurement be made ? When all technical problems are solved, the ultimate limit is given
by quantum mechanics3: the noise in the measurement arising from the random arrival time of the photons on
the detector is responsible for a lower limit to the amplitude dmod that can be measured with a coherent beam
(i.e. a perfect laser beam).6 This quantum noise - or“shot noise” limit is given, in the case of a TEM00 beam,
by
dQNL ≈
√
π
8
w0√
N
(3)
where w0 is the size of the Gaussian beam at the detector and N is the number of photons detected per
measurement time interval ∆t.
We shall assume that we have access to light which is squeezed in the amplitude quadrature, and the question
arises how we can convert such light into a beam with position defined better than the QNL. We can think of
a the normal Gaussian beam, in TEM00 mode, as a beam with vacuum fluctuations in the higher order beams
and these modes can be regarded as an explanation of the QNL in position detection.2 In order to measure the
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position more precisely we require a multimode beam with intensity in the higher order spatial modes and we
require quantum correlations between these modes.3 Once this is achieved we find that the quantum noise in
the photocurrents from the four segments of our detector, see Fig.3, can be partially suppressed and we create
a lower noise floor for the detection of the beam position.
How can we produce such a spatially squeezed beam? We require non-classical light, in order to obtain any
type of quantum correlation and we require higher order spatial modes matched to the geometry of the split
detector. A look at the homodyne detector for a single mode beam, Fig.1c, shows that noise in the difference
of the photocurrents can be associated with the quantum fluctuations of the vacuum beam at the second input
of the beamsplitter and that the quantum noise can be suppressed if we use a squeezed vacuum beam. The
beamsplitter mixes these two and introduces an extra 180 degree phase shift between the coherent and the
vacuum in one of the two outputs. Equivalently, we have to mix the coherent single mode beam with a squeezed
vacuum beam that has a 180 degree phase shift between the two halves of the Gaussian amplitude profile. We
need a so called flip mode, that has a Gaussian intensity distribution but a discontinuity of the phase. Such a
beam can be generated by a waveplate which different thickness of λ/2 left to right.7 The combined beam is
one of the simplest examples of nonclassical spatial multimode beams.
If we describe the beam by a flux of photons we could say that in a single mode QNL laser beam the photons
are randomly distributed within the transverse plane. In the multi-mode non-classical beam of light, or spatially
squeezed light, the photons are spatially ordered in the two transverse dimensions. Consequently, the noise
reduction can actually be measured not by detecting the entire beam, but by a geometry of detectors which is
matched to the spatial modes. Thus eq.(1) applies not longer to the whole beam but  describes the degree that
we are removed from the optimum geometry. The noise suppression for the beam discussed above is optimum
with the two detector left and right aligned perfectly to the line defined by the phase plate.
We can extend this idea to two dimensions by considering a beam with correlations in both x- and y-direction,
see Fig.4. In analogy to the one dimensional case we will require phase differences of 180 degrees between the 4
quadrants, as explained below. After careful alignment of these modes to the quadrant detector we expect noise
suppression in the signals in both directions. This is one of the simplest examples of the study of the quantum
properties of optical imaging.5 Here we consider an image of only four pixels and the intensities in these pixels
define the position of our beam.
4. SPATIALLY SQUEEZED LIGHT
Let us consider a beam incident and centered on a four quadrant detector. As in6 we describe the electric field
operator by
Eˆ(x, y) =
∑
i
aˆiui(x, y) (4)
where (x, y) are the transverse coordinates, {ui} is a complete basis of transverse modes and {aˆi} are the
corresponding annihilation operators. As the displacement to be measured is very small compared to the diameter
of the beam, the noise on the signals Ix and Iy of eq.(2) can be calculated when the beam is exactly centered,
i.e. when
〈
∫
x<0
Eˆ†Eˆ dxdy〉 = 〈
∫
x>0
Eˆ†Eˆ dxdy〉 and 〈
∫
y<0
Eˆ†Eˆ dxdy〉 = 〈
∫
y>0
Eˆ†Eˆ dxdy〉 (5)
To derive the best format for the higher order modes a comparison with the detection in a balanced detector
is useful. Here the light intensity is measured by splitting the incoming beam into two equally intense beams
with a
We choose the transverse modes basis such that the first transverse mode u0 has the shape of the input beam
(u0(x, y) = 〈Eˆ(x, y)〉/‖E(x, y)‖). Then we define two ”flipped modes” u1 and u2 such that; u1(x, y) = −u0(x, y)
for x < 0, u1(x, y) = u0(x, y) for x > 0, u2(x, y) = −u0(x, y) for y < 0 and u2(x, y) = u0(x, y) for y > 0
as shown in Fig.4. The important point is that equation (4) ensures that u0, u1 and u2 are orthonormal and
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Figure 3. Phase pattern for a 2 dimensional squeezed beam
hence can actually be the beginning of a transverse mode basis. It can be shown that the noise in the horizontal
(resp. vertical) measurement arises only from the noise of u1 (resp. u2).8 Hence both measurements can be
improved if and only if both modes are vacuum squeezed states. These considerations show that in order to
improve simultaneously two independent measurements on a light beam one needs to use a multimode transverse
beam containing two squeezed states in the mode u1 and u2, i.e. a true spatially multimode squeezed beam.3
This analysis can be extended to an arbitrary number of independent measurements, each measurement being
a channel in an information theory point of view : to improve an n-channel measurement beyond the standard
quantum limit, one needs to use n squeezed states in appropriate modes.
5. THE EXPERIMENTAL LAYOUT
In order to construct our quantum laser pointer three beams are necessary, two being squeezed vacuum states
and the third one being an intense coherent state. These three beams have to be mixed, avoiding any losses
at least for the two squeezed beams, as this would destroy the squeezing. The solution we have chosen for this
experiment is described in Fig.4. The two highly squeezed beams (around 4dB) are produced by two OPAs12
driven by one laser. We have chosen a peculiar spatial mode distribution : the transverse mode u0 (corresponding
to the bright coherent state) is the horizontally flipped mode of a TEM00 mode. Hence, the first squeezed beam
(u1) is the TEM00 mode and the second squeezed beam (u2) is a ”doubly flipped” TEM00 mode, as shown in
the phase distribution maps in Fig.4.
The transverse modes are produced with optical waveplates, made from birefringent half wave-plates that
were assembled, by CSIRO Lindfield Australia, at the appropriate π/2 angles. We have used either two singly
flipped waveplates or a four quadrant waveplate. The mixing is achieved with of a ring optical cavity. The
TEM00 squeezed beam can be transmitted with close to 100% efficiency in the case of an impedance matched
cavity. As we have chosen a transversally non-degenerate cavity, the other squeezed beam, being in a transverse
mode orthogonal to the TEM00 mode, is reflected at the output mirror of the cavity and then perfectly mixed
with the first squeezed beam. The cavity we use had a finesse of around 35 and we measured an efficiency > 95%
for the transmitted and > 94% for the reflected beams. In our setup, the limit in efficiency came essentially from
the imperfections of the OPA beam shape compared to a TEM00 mode. This technique for mixing the two beams
had, to our knowledge, never been implemented before and can be extended to a wide range of applications. In
particular, it can be used to mix any two orthogonal transverse modes. Finally, the resulting beam is mixed with
the coherent beam on a 95%/5% beamsplitter as in8 .
6. EXPERIMENTAL RESULTS
To demonstrate the quantum limit to sensitivity experimentally, we first measure the quantum noise n(Ω) with
no modulation using standard quantum optics techniques1 and then add a very small modulation of the beam
position d(Ω). The recorded signal contains at the same time the actual displacement signal and the quantum
noise. This noise can be reduced by averaging the traces over a long time but this is made at the expense of
fast response time. A fixed integration time ∆t is therefore chosen. One is sure, with a reasonable degree of
confidence, that the signal is due to an actual beam oscillation, and not to a large fluctuation of the background
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Figure 4. Schematic of the experiment. SHG: second harmonic generator; OPA: optical parametric amplifier; MC:
mode cleaner; BS: beam splitter with 95% reflectivity; TEM00: Squeezed TEM00 mode used for improving the horizontal
measurement; TEMf0f0: Squeezed TEMf0f0 mode used for improving the vertical measurement; and TEMf00: Coherent
TEMf00 mode used as a local oscillator. Dotted lines are 532 nm, whilst solid lines are 1064 nm light.
noise, when the total signal, displacement and noise, is larger than the quantum noise alone . We can choose
for example that the smallest detectable amplitude is the value for which the two traces differ by 3 standard
deviations.
In order to determine the oscillation amplitude at analysis frequency Ω, we use a spectrum analyzer which
demodulates the signal and measures the power spectral density. It displays the value for n(Ω)2 + d(Ω)2, with
a logarithmic dB scale, as shown in Fig.5. We choose as the detection time ∆t = 10µs and set the resolution
bandwidth (RBW ) and video bandwidth (V BW ) of the spectrum analyzer to 100kHz. The modulation ampli-
tude dmod is slowly increased in time. The traces directly measured with the spectrum analyzer are shown in
figure Fig.5. The upper curve corresponds to the measurement performed with a coherent state and is the best
measurement that can be achieved with classical means. The lower curve corresponds to the same measurement
using now the non-classical beam that we have produced, in a way that is described below, called “spatially
squeezed” beam. One observes that the signal differs from the background noise for a modulation amplitude
which is greater for the coherent beam than for the spatially squeezed beam. In Fig.(2b) the same data are
normalized to the respective noise levels, both for a normal laser and a spatially squeezed beam. The vertical
axis is now the difference from the noise with no displacement and the traces for the coherent and the spatially
squeezed beams are superimposed. In the case of the spatially squeezed light the average of the signal trace
crosses the threshold of confidence, set here by 3 standard deviations, for a smaller oscillation amplitude. We find
a corresponding oscillation amplitude of 1.6 A˚ and an improvement by a factor of 1.5 compared to the standard
quantum noise limit. Since both traces increase linearly with dmod this result is independent of the choice of
confidence level.
The experiment was performed in a fully locked configuration, stable for at least 10 minutes. The detection
was performed with a four quadrant detector, each of the quadrants having a high quantum efficiency (more
than 90%) and the corresponding electronic amplifiers were optimized in order to ensure their exact balance.10
Most importantly, we have achieved such an improvement for two simultaneous measurements of spatial
modulation in x- and y-direction performed on the one beam. The four individual photocurrents were com-
bined in order to measure the quantities Ix and Iy of equation (1). A spectrum analyzer was used to perform
the demodulation and obtain the detection at 4.3MHz. An experiment, with and without spatially squeezed
light, visualizes the amount of noise reduction we could obtain, with the results shown in Fig.6. We achieved
simultaneously 2.8dB of horizontal and 1.8dB of vertical noise reduction. The corresponding improvement in the
sensitivity for this set of data would be the same factor in the x- and in the y-direction.
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Figure 5. (A) Measurement of horizontal displacement signal ramped up in time, using (i) coherent and (ii) spatially
squeezed beams. Both RF spectrum analyzer traces are the averages of 20 runs with VBW = RBW = 1 kHz. The observed
noise reduction of the squeezed beam in this case is 3.3 dB±0.2 dB. (B) Data from (A) processed to show signal-to-noise
improvement (left vertical axis) plotted against the inferred modulation. Traces (iii) and (iv) show the results from data
(i) and (ii), respectively. The squeezing translates into an increase in displacement sensitivity. Choosing a 99% confidence
level (right vertical axis), the smallest displacement detectable improved from 2.3 A˚ to 1.6 A˚.
7. CONCLUSIONS AND OUTLOOK
This is, to our knowledge, the first experimental demonstration of two independent spatially squeezed channels
in the same optical beam. Furthermore, the configuration used here is scalable, and one can imagine to increase
the number of independent modes with a slight variation of the layout. This approach of synthesizing multimode
beams from individual squeezed beams complements to technique of generating multimode quantum fields directly
in spatially degenerate OPOs which is being successfully implemented by the group in Paris.10 They have
demonstrated, and will report on this conference, that quantum correlations between parts of the beam and
shown directly that the noise suppression does not decline when an aperture is used, but that the best correlation
exist for a fraction of the beam.10
From a quantum information point of view, each transverse mode is an independent communication channel,
and the usual quantum communication proposals can be extended to the multichannel configuration.13, 14 In
addition this is only one example of combining two squeezed beams to produce a new beam with new non-classical
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Figure 6. Measured spectra showing the noise reductions in both horizontal and vertical measurements. The top traces
correspond to the quantum noise limit (QNL), whereas the two lower ones correspond to the noise in the vertical and the
horizontal measurements done with a spatially squeezed beam. The noise spectra are normalized to 0dB = QNL.
properties. The same apparatus was used to combine the two squeezed beams, this time with not vacuum beams
but bright beams, on a polarizing beam splitter. By selecting the correct phase shift between the beams the two
output beams will show noise reduction in the Stokes parameters of the polarisation.12
Similarly the two bright squeezed beams can be combined on a normal 50%/50% beamsplitter and they form
a pair of beams which are noisy in both quadratures. However, they are quantum correlated. A measurement
of the quadratures of one of the beams will match perfectly to the measurement of the same quadratures of the
other beam to the extent that the difference between the measurements will be well below the ONL. This is
the basis for EPR entanglement and applications such as teleportation.16, 17 The question arises: how can we
transfer the concept of entanglement across the spatial multimode fields? We have in our experiment already
demonstrated that the intensity fluctuation in the four segments of the beam are quantum correlated, below the
QNL, however that is not sufficient for entanglement. We would have to find the complementary quadratures
and show that they are correlated as well. Then we have to devise effective and low loss detection schemes for
all the properties of the spatial modes. These are the next questions which we wish to address in our future
experiments.
Quantum optics with spatial modes has the potential to be as productive as the recently explored applications
of temporal squeezing and entanglement. It could offer even more interesting applications since the number of
modes, or pixels, in a beam can be very much larger then the 4 pixels we have used to date.
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